W e have i n v e s t i g a t e d t h e o r i g i n of cosmic r a d i a t i o n i n terms of a sudden i n j e c t i o n of particles i n t i m e , momentum and space. The a p p r o p r i a t e boundary conditions f o r t h e various regions through which t h e p a r t i c l e s p a s s were used. With a l l of t h e a c c e l e r a t i o n w i t h i n a t u r b u l e n t region, w e f i n d t h a t t h e observed spectrum i s explained by a continuous d e c e l e r a t i o n i n which s t a t i s t i c a l f l u c t u a t i o n s dominate. This is c o n t r a d i c t o r y t o t h e usual assumptions i n which f l u c t u a t i o n do not p l a y an important p a r t . W e f i n d t h a t t h e exponent of t h e power l a w spectrum has a weak momentum dependency as = ~,~i P & C c " / a . , ) + 0 . 6 7 .
I, INTRODUCTION
Previously when t h e problem of t h e o r i g i n of cosmic r a d i a t i o n w a s considered t h e i n f l u e n c e of f l u c t u a t i o n s i n the a c c e l e r a t i o n mechanism w a s thought t o b e of s m a l l importance [Ginzburg and S y r o v a t s k i i , 19641.
however, i t has been shown t h a t when t h e r e i s continuous d e c e l e r a t i o n imposed on g e n e r a l a c c e l e r a t i o n , f l u c t u a t i o n s can be an important f a c t o r i n determining the energy spectrum of cosmic rays [Wayland and Bowen, 19681. Recently, This r e s u l t l e a d s t o t h e concept of a power index t h a t i n c r e a s e s w i t h energy.
I n t h i s paper w e w i l l i n v e s t i g a t e t h e problem i n which p a r t i c l e s a r e i n j e c t e d by an explosion i n t o a t u r b u l e n t l y expanding region; i n which t h e p a r t i c l e s d i f f u s e i n b o t h s p a c e and momentum. W e w i l l treat t h e momentum process as s t o c h a s t i c . The p a r t i c l e then escapes i n t o i n t e r s t e l l a r space
where they continue t o d i f f u s e s p a t i a l l y b u t are no longer experiencing momentum-changing processes. Thus w e must s o l v e a two-region Fokker-Planck d i f f u s i o n e q u a t i o n w i t h a p p r o p r i a t e boundary c o n d i t i o n s . I n S e c t i o n I1 w e w i l l g i v e a s t a t e m e n t of the problem. S e c t i o n 111 c o n t a i n s an o u t l i n e of t h e s o l u t i o n of t h e problem. W e w i l l apply our r e s u l t s t o t h e observed cosmic r a y spectrum i n S e c t i o n I V .
THE MODEL
W e w i l l c o n s i d e r t h e s o u r c e as a sudden o u t b u r s t of p a r t i c l e s t h a t occurs over such a s h o r t p e r i o d of t i m e t h a t w e can w r i t e i t as a d e l t a f u n c t i o n i n t i m e . By t h i s w e are assuming t h a t t h e s o u r c e i s active over a period of t i m e t h a t i s s h o r t i n comparison t o t h e t i m e r e q u i r e d f o r t h e p a r t i c l e s t o d i f f u s e o u t of t h e t u r b u l e n t region. W e w i l l s i m p l i f y our problem by assuming t h a t t h i s i n j e c t i o n of p a r t i c l e s is a one-time episode.
W e w i l l a l s o assume t h a t , i n comparison t o t h e momentum range considered, P O * t h e p a r t i c l e s a l l have t h e s a m e i n j e c t i o n momentum, A f t e r t h e p a r t i c l e s are i n j e c t e d i n t o t h e t u r b u l e n t r e g i o n , they w i l l d i f f u s e s p a t i a l l y . W e can d e s c r i b e t h i s motion by t h e s t a n d a r d d i f f u s i o n equation. To a f i r s t approximation w e w i l l suppose t h a t t h e d i f f u s i o n c o e f f i c i e n t , D , i s independent of t h e s p a t i a l c o o r d i n a t e w i t h i n a given r e g i o n . However, w e would expect i t t o have d i f f e r e n t v a l u e s i n t h e two r e g i o n s . A t t h e s a m e t i m e t h a t t h e p a r t i c l e s are undergoing s p a t i a l d i f f u s i o n i n t h e t u r b u l e n t r e g i o n , t h e y w i l l undergo d i f f u s i o n i n momentum space. W e w i l l assume t h a t a t each momentum " s c a t t e r i n g " , t h e p a r t i c l e i s j u s t a t t h e p o i n t of f o r g e t t i r i g what has happened i n t h e p a s t . c o n d i t i o n a l p r o b a b i l i t y depends only on t h e v a l u e of t h e momentum a t t h e Thus t h e previous t i m e ; i . e . , a Markoff process. T h i s w i l l probably b e t r u e i f t h e s p a t i a l e x t e n t of t h e system, L, i s r e l a t e d t o t h e c o r r e l a t i o n t i m e , T, of W e w i l l u s e t h e s t a n d a r d second-order form s o t h a t we can t a k e f l u c t u a t i o n s i n t o account.
that the d i f f u s i o n c o e f f i c i e n t i s independent of momentum.
W e w i l l a l s o make t h e p r e s u p p o s i t i o n
I.
I n t h e momentum range i n q u e s t i o n , t h i s i s t h e same as s a y i n g t h e d i f f u s i o n mean f r e e p a t h i s independent of momentum.
When the p a r t i c l e s d i f f u s e t o t h e boundary of t h e d i f f u s i o n r e g i o n
w e w i l l l e t them f r e e l y escape i n t o i n t e r s t e l l a r space. d e n s i t y a t t h e boundary and t h e f l u x are assumed t o b e continuous. This corresponds t o a very closecoupling of t h e two r e g i o n s a t t h e boundary.
Because w e are assuming t h e d i f f u s i o n c o n d i t i o n , w e cannot expect t o d e s c r i b e what is happening a t t h e boundary i n d e t a i l . Only when one i s a few mean f r e e p a t h s from t h e boundary w i l l our s o l u t i o n s b e a c c u r a t e .
The p a r t i c l e W e w i l l t a k e t h e t u r b u l e n t r e g i o n t o b e g e n e r a l l y s p h e r i c a l i n shape.
Although t h i s i s never e x a c t l y t r u e , normally t h e d e p a r t u r e s w i l l be s m a l l i n comparison t o t h e t o t a l e x t e n t of t h e r e g i o n and w e can approximate t h e s u r f a c e w i t h a s p h e r e . W e a l s o n o t e t h a t t h e r e is no reason f o r t h e d i s t r i b u t i o n t o depend upon any s p a t i a l c o o r d i n a t e o t h e r t h a n t h e r a d i a l
one. I n t h e i n t e r s t e l l a r s p a c e r e g i o n w e w i l l p o s t u l a t e t h a t t h e p a r t i c l e s are no longer e x p e r i e n c i n g a n a c c e l e r a t i o n process.
experimentally t h e y are almost completely i s o t r o p i c . T h i s , of c o u r s e , i m p l i e s t h a t they have a l s o d i f f u s e d s p a t i a l l y i n t h i s region. W e w i l l n o t attempt t o g i v e a d e t a i l e d d e s c r i p t i o n of t h e i r motion b u t w i l l assume a macroscopic averaging by w r i t i n g t h i s i n t h e form of a d i f f u s i o n equation.

However, w e n o t e t h a t When t h e p a r t i c l e s have d i f f u s e d t o t h e boundary of t h e i n t e r s t e l l a r
s p a c e w e w i l l assume thatthey "radiate1' f r e e l y i n t o a r e g i o n of f a r less p a r t i c l e d e n s i t y . I f t h e p o i n t of o b s e r v a t i o n i s f a r from t h e boundary w i t h i n t e r g a l a c t i c s p a c e , w e would expect t h a t t o a good approximation we can treat t h e i n t e r s t e l l a r r e g i o n as s p h e r i c a l . As t h e p a r t i c l e d e n s i t y approaches t h i s boundary, i t should b e d e c r e a s i n g and a t t h e boundary assume a s m a l l f i n i t e v a l u e .
W e can i n c o r p o r a t e a l l of t h e above i n t o t h e following e q u a t i o n s : f o r t > to i n region I (= t u r b u l e n t r e g i o n ) , an4 f o r t > t region I and 11, R = a w e have i n region I1 (= i n t e r s t e l l a r space). A t t h e boundary of (2) 
removal i n t e r a c t i o n processes i n which t h e p a r t i c l e s i n t e r a c t w i t h t h e medium t o produce p a r t i c l e s o t h e r t h a n t h e p a r t i c l e s i n q u e s t i o n . and
SOLUTION OF THE BOUNDARY VALUE PROBLEM
As w e show i n t h e Appendix, one can o f t e n w r i t e
The form of Eqn,(l) s u g g e s t s a power l a w s o l u t i o n i n p. Thus we w i l l t a k e t h e M e l l i n transform w . r .
t . p of Eqn. (l), a f t e r f i x s t i n s e r t i n g t h e
w h e r e I f w e w r i t e
Eqn. (9) i n t h e form g l ( s , G ,t) = f(_h , s , t ) h ( s , t ) w e f i n d t h a t w e can w r i t e If w e use t h e i n i t i a l c o n d i t i o n Eqn. (6)
where ' 2' = t -t w e f i n d t h a t 0
Before w e can apply t h e boundary conditions (3) and ( 4 ) w e must s o l v e Eqn. ( 2 ) . This l e a d s t o t h e s o l u t i o n where w e have used t h e c o n d i t i o n (5) and have set When w e apply t h e boundary c o n d i t i o n s (3) and ( 4 ) w e o b t a i n where Then t h e s o l u t i o n t o o u r problem i s obtained by t a k i n g t h e inverse
Mellin transform of g2
W e were a b l e t o o b t a i n an asymptotic s o l u t i o n t o Eqn. (16) by t h e method
where 
* of s t e e p e s t d e s c e n t . Under t h e c o n d i t i o n of ln(P/Po
W e know t h a t t h e i n t e n s i t y of cosmic r a d i a t i o n appears t o be c o n s t a n t w i t h t i m e . Then w e r e q u i r e t h e s t e a d y s t a t e s o l u t i o n f o r o u r problem.
I n t h e above w e have solved f o r t h e case of a s i n g l e s o u r c e as a f u n c t i o n of t i m e . L e t us assume t h a t i t i s a t y p i c a l source. Then w e wish t o sum over i t s c o n t r i b u t i o n t o t h e p r e s e n t cosmic r a y d e n s i t y of p a r t i c l e s . I n a l a t e r paper w e w i l l i n v e s t i g a t e t h e requirements placed upon sources by our s o l u t i o n . For t h e p r e s e n t w e w i l l j u s t f i n d t h i s s o u r c e ' s c o n t r i b u t i o n and assume a l l o t h e r s behave i n a d u p l i c a t e manner.
spectrum should r e f l e c t t h e observed one.
Thus t h e momentum
Accordingly w e must e v a l u a t e t h e i n t e g r a l
Laplace i n t e g r a t i o n g i v e s t h e aeympotic s o l u t i o n 7 where
b -a ( a -h )
Note t h a t w e can w r i t e (19) i n t h e form
Ergo,
w i l l act as a normalization constanf when we attempt to fit Eqn. (20) to the observed spectrum.
I V . COMPARISON WITH EXPERIMENT
The cosmic ray momentum spectrum h a s been observed t o b e b a s i c a l l y a power l a w i n which t h e power index i n c r e a s e s w i t h i n c r e a s i n g momentum.
are i n t e r e s t e d i n t h e region 10 G e V / c < p < lo8 GeV/c. W e 8 Above 10 GeV/c t h e s p e c t r u m power index suddenly decreases. This is probably due t o a secondary s o u r c e of cosmic r a d i a t i o n . W e n o t e t h a t only when t h e r e is a steady decrease i n t h e mean s t a t i s t i c a l momentum change, <Ap>, can w e f i t t h e observed spectrum. This corresponds t o a d e c e l e r a t i o n . As w e show i n t h e Appendix, t h i s could b e due t o a r a d i a l expansion of t h e t u r b u l e n t region. This i s
n o t t h e only i n t e r p r e t a t i o n ; i t i s , however, one t h a t can f i t i n t o many a s t r o p h y s i c a l phenomena t h a t have been observed. Thus t h e p a r t i c l e s t h a t w e see a t t h e very h i g h e n e r g i e s are t h e r e s u l t of a series of favorable a c c e l e r a t i o n s .
This is then a momentum spectrum i n which f l u c t u a t i o n s i n t h e a c c e l e r a t i o n process have a dominating e f f e c t . But n o t e t h a t w h i l e d e c e l e r a t i o n p r e v a i l s , an a c c e l e r a t i o n process must a l s o be present.
To o b t a i n t h e i n t e g r a l spectrum w e must i n t e g r a t e Eqn. (20) from P t o m . W e w i l l approximate t h i s i n t e g r a l by n o t i n g t h a t t h e r e s u l t depends mainly on t h e integrand near t h e lower l i m i t of i n t e g r a t i o n , P.
Thus w e may h o l d 1( f i x e d and e q u a l t o i t s c o r r e c t value a t P. This procedure gives
The r e s u l t of applying Eqn. (21) t o t h e measured i n t e g r a l spectrum i s shown i n Figs. 1 and 2 . W e have used t h e r e s u l t s r e p o r t e d by Bradt, 1965 and Bray, 1965 transposed t o t h e momentum v a r i a b l e .
[We haye assumed t h a t impulsed w i t h a given momentum a t a f i x e d time and p o s i t i o n i n t o a t u r b u l e n t r e g i o n , Within t h i s r e g i o n the p a r t l e l e s undergo a c c e l e r a t i o n and d e c e l e r a t i o n t h a t can r e s u l t i n s t a t i s t i c a l f l u c t u a t i o n s . A f t e r d i f f u s i n g b o t h i n space and momentum, t h e p a r t i c l e s escape f r e e l y i n t o i n t e r s t e l l a r space. H e r e t h e p a r t i c l e s a g a i n d i f f u s e s p a t i a l l y u n t i l When t h e p a r t i c l e s reach t h e boundary w i t h i n t e r -
It i s shown t h a t t h e observed spectrum i s congruous w i t h t h e dominance of s t a t i s t i c a l f l u c t u a t i o n s i n t h e case of continuous d e c e l e r a t i o n . W e
w e r e a b l e t o o b t a i n remarkably good agreement w i t h t h e observed i n t e g r a l momentum spectrum of primary cosmic rays.
spectrum w a s found t o have an exponent t h a t i s weakly dependent upon t h e
The u s u a l i n t e g r a l power l a w momentum: Fig. 1 The integral momentum spectrum of Cosmic Radiation [Bradt, 1965 and Bray, 19651.
Fig. I1
The variation of the power law exponent with momentum. One can e a s i l y show t h a t f o r a Fermi type of s c a t t e r i n g of p a r t i c l e s w i t h moving c e n t e r s , t h e f r a c t i o n a l momentum change is given by where Bc = v = v e l o c i t y of t h e p a r t i c l e , Bc = V = v e l o c i t y of t h e s c a t t e r i n g c e n t e r and a i s t h e angle between v and V.
-
3
B and. drop anything of o r d e r g r e a t e r than B4 we f i n d (v I f t h e s c a t t e r i n g c e n t e r s are receding from each o t h e r as t h e r e s u l t of s p h e r i c a l expansion from a common c e n t e r , t h e r e w i l l be a f r a c t i o n a l momentum decrease [Wayland and Bowen, 
